The design, development, and balloon-flight verification of a payload for observations of gamma-ray emission from solar flares are reported here. The payload incorporates a high-purity germanium semiconductor detector, standard NIM and CAMAC electronics modules, a thermally stabilized pressure housing, and regulated battery power supplies. The flight system is supported on the ground with interactive data-handling equipment comprised of similar electronics hardware. The modularity and flexibility of the payload, together with the resolution and stability obtained throughout a 30-hour flight, make it readily adaptable for high-sensitivity, long-duration balloon flight applications.
Introduction
Nuclear gamma-ray line emission provides the most direct evidence for the acceleration, confinement, transport, and interactions of energetic protons and ions in solar flares. The relative intensities of the lines serve as critical diagnostics not only for the spectra of the accelerated particles but also for the constituents of the ambient media in which they interact. Observations obtained with the Gamma Ray Spectrometer (GRS) onboard the Solar Maximum Mission (SMM) suggest that energetic ions may be produced in all flares. The detailed spectral observations show, moreover, that the shape of the ion energy spectrum is relatively constant from flare to flare [1] . This evidence for the near universality of ion acceleration in solar flares reinforces the hypothesis that the information carried by these emissions is fundamental to an understanding of the flare process. Much of that information, however, is contained in the precise central energy and shape of gamma-ray emission lines. Such measurements require the fine spectroscopic resolution which can be achieved with germanium semiconductor detectors. See, for example, reference [2] . Attempts to observe gamma-ray line emission from solar flares with germanium detectors have begun only recently and have not yet been successful.
Because flares with detectable gamma-ray emission occur infrequently, observing intervals of one month or longer near the maximum of a solar cycle are required to give a high probability of detecting such events.
No spacecraft missions dedicated to high-energy solar physics are planned for the next cycle, but long-duration balloon flights will be possible [3] , The use of balloon platforms offers many attractive features including tne capability of carrying large payloads (~1 ton) for long durations (~30 days). Scientific ballooning is operated with flexible schedules and procedures, and balloon platforms provide a low-background environment. For solar objectives, balloon platforms offer the opportunity to observe flares continuously for several hours or longer.
This contrasts with the case for satellites in low Earth orbit which are eclipsed for ~30 minutes in every~95 minute orbit. The objectives of our instrumental efforts, therefore, are to develop and verify the performance of a balloon payload with sufficient resolution and stability for the desired measurements. An additional goal is that the payload be modular and flexible so that it can be expanded readily to achieve a sensitivity comparable to that of the SMM/GRS.
The first high-resolution spectrometers to be flown were lithium-drifted germanium used by Jacobson [4] for observations of the Crab Nebula and by Womack and Overbeck [5] for the first attempt at high-resolution observations of gamma-ray emission from solar flares.
Presently, high-purity germanium is being employed in both satellite and balloon-borne applications [6, 7] . These efforts have been built on the experience and data obtained with scintillation spectrometers. This includes, in particular, the use of active shielding pioneered by Frost and Rothe [8] for low-energy gamma-ray astronomy. The evolution of these instrumental techniques for hard X rays and low-energy gamma rays has been reviewed by Peterson [9] and for the gamma-ray domain, by Chupp [10] and by Fichtel and Trombka [11] .
Several of the challenges encountered on near-Earth and sub-orbital platforms, have been studied extensively. These include the background environment [12] and the response functions of spectrometer telescopes [13J. The challenge which we are addressing is to verify the performance of a system adaptable for long-duration balloon flights. As the data presented in the following sections demonstrate, the desired resolution and stability have been achieved.
The spectrometer is described in Section 2; the onboard and ground support systems for command and data handling, in Section 3; and the mechanical and thermal components, in Section 4. In Section 5, the performance of the payload during a flight of more than 30-hours duration is presented.
Spectrometer Description
The first flight of the system was launched on November 1, 1980, from Gimli, Manitoba, Canada. This successful engineering test flight included approximately six hours with the payload at a float altitude of 36 km. Unfortunately, the gondola and pressure housing were demolished when the payload was dropped from a helicopter during "recovery". The system was rebuilt and flown again from Greenville, South Carolina, on June 10 and 11, 1982. The following is a description of the rebuilt system, shown in Figure 1 , as it was flown in June 1982.
The heart of the gamma-ray spectrometer is an actively shielded high-purity germanium (HPGe) semiconductor detector, a spectroscopy amplifier, and an 8192 channel ADC. The HPGe detector (built by Princeton Gamma-Tech) is a right circular cylinder, 58 mm in diameter by 45 mm in height, in a standard p-type coaxial configuration. A Power Designs AEC-5000B high voltage power supply was used to positively bias the detector at 3300 volts during operation. The detector preamplifier was powered with a Tennelec TC205A spectroscopy amplifier which also served as the pulse-shaping amplifier for the preamplifier output.
Cooling to a temperature of approximately 77 K for the HPGe and the field effect transistor (FET) in the detector preamplifier is provided by liquid nitrogen contained in a 30-liter dewar. A copper rod is used to transfer heat from the crystal and the FET to the liquid nitrogen. The capacity of the dewar allows an operating lifetime, between fills, of approximately seven days.
The detector efficiency at 661 keV is 25% that of a cylindrical Nal(Tl) scintillator 7.6 cm in diameter by 7.6 cm in height. The detector resolution at 1.17 MeV is better than 2.5 keV full width at half maximum (FWHM).
Collimation and background reduction for the HPGe detector is provided with a CsI(Na) shield and a plastic scintillator over the aperture, as shown in Figure 1 . The atmospheric attenuation of gamma-rays within our range of interest limits useful observing of extraterrestrial sources to angles less than or equal to 60° of the local zenith. The size and shape of the CsI(Na) shield and the location of the HPGe detector within it, therefore, were designed to provide a field of view of 120° FWHM. That is, any source within 60° of the detector look axis is observed with an effective detector area greater than or equal to half the actual detector area. Sources at any greater angle are attenuated by the shield as indicated in Figure 2 . The detector look axis was aligned with the zenith, and the spectrometer was operated as a transit instrument.
The CsI(Na) shield is composed of three pieces: a hexagonal annulus which intercepts radiation from sources to the side of the HPGe and two Dees, directly beneath the annulus and under the germanium housing, which intercept any radiation incident on the HPGe from below. The annulus is viewed with three photomultiplier tubes (PMTs) and the Dees with two PMTs each. All seven are type RCA 4523. The PMTs are optically coupled to tne CsI(Na) with a transparent silicone rubber (General Electric, RTV 602). The spectral resolution of the CsI(Na) scintillators in this configuration is approximately 50% over the energy range of interest. 8 The efficiency for stopping 1.33 MeV gamma-rays from a Co source is shown in Figure 2 as a function of the incident angle of the incomming gamma ray.
The aperture plastic, which is placed above the CsI(Na) annulus, is a 6-mm thick piece of plastic scintillator. It is viewed, through light pipes, with four RCA C31016F PMTs, and operated in anticoincidence with the t-PGe detector.
Each of the photomultiplier tubes used with the CsI(Na) shield and aperture plastic is individually packaged in a cylindrical housing, made of aluminum for the CsI(Na) PMTs and plastic for the aperture plastic PMTs. Included in the housing for each PMT is the dynode high voltage divider chain and preamplifier along with a mu-metal magnetic shield for the PMT. All components are held mechanically secure in the housing with a silicone rubber potting compound (Dow Corning, RTV 3111).
The entire detector subsystem which includes the HPGe detector, liquid nitrogen dewar, CsI(Na) scintillators, and aperture plastic, is held in place and supported with a frame of aluminum plates and rods as shown in Figure 1 . The aluminum plates also serve as mounting platforms for the summing and differential amplifiers used with the CsI(Na) and the aperture plastic. Each section of the CsI(Na) shield and aperture plastic operates as an independent detector and has its own set of amplifiers. The summing amplifiers, differential amplifiers, and high voltage power supplies used with the CsI(Na) and plastic detectors were all flight specific modules, individually designed for this specific application. The remaining nine batteries were wired to provide 270 ampere-hours at +33.6 volts and were left unregulated. These batteries supplied the power for the heater circuits and fans. The fans were operated from a separate regulator, in order to electrically isolate them from the rest of the payload.
Ground Support System
On tne ground, data from the balloon payload are acquired, processed, displayed, and archived through a system based on a DEC LSI-11/23 microcomputer which serves also as the development facility for flight-computer firmware. The design of the Ground Support Equipment (GSE) with modular hardware and software provides for maximum flexibility and makes optimum use of off-the-shelf components. Software used with the GSE is based on a general purpose system developed in the Laboratory for High Energy Astrophysics of the Goddard Space Flight Center to support flight instruments [15] , The GSE serves the full range of payload operations which includes subsystem development and checkout, payload integration, calibration and pre-flight performance verification, in-flight monitoring and quick-look data analysis, and post-flight data reduction.
Serial data received with the GSE are processed first with a bit synchronizer and then with a frame synchronizer which converts the data to 16-bit parallel form. The formated data are passed to a CAMAC-based FIFO buffer from which they are accessed in packets with the microcomputer on an interrupt basis. The ways in which the digital data are processed are selected by the investigator through the use of a command translator which also executes the stored command procedures.
The GSE is equipped with two terminals, a Tektronix 4012 video terminal and a Texas Instruments 820 KSR dot-matrix hard-copy terminal.
The payload housekeeping data can be monitored with the video terminal which may be used in conjunction with a Tektronix 4631 hard copy unit. A sample status page, showing the data format employed with these devices, is presented in Figure 5 . The housekeeping data are displayed in a similar format with a Ball Brothers video monitor driven by a Kinetic Systems 3235 display driver which is continuously updated but not attached to a hard copy device. During flight, the video terminal is devoted primarily to monitoring science data and, at regular intervals, to displaying time-history plots of the sealer rates and selected housekeeping parameters. A sample of such a time-history plot is presented in Figure 6 . This particular display shows the variation in the temperature of the germanium preamplifier from 21:51 EOT on June 10 to 10:21 EOT June 11 which includes the transition from night to day when the heater battery power was turned off.
The principal modes of displaying the science data are as histograms, based either on spectral distributions or temporal distributions of the accumulated events. Examples of the data displays available are 14 presented in Section 5 to illustrate the results obtained in the Greenville flight. Pulse-height distributions from the germanium spectrometer and from the CsI(Na) shield elements can be monitored at intervals selected by the investigator. Threshold settings on the respective discriminator levels can be adjusted should any shifts in the distributions be observed. In addition to being a monitor for the payload status and performance, the GSE can be employed simultaneously to archive all the data acquired in the telemetry stream. The data are written on magnetic tapes in a mode which is designed to alternate between two tape drives with no loss of data. The same procedures which are used to provide quick-look data can also be employed to reduce the data to a variety of formats appropriate for analysis with a larger computational facility.
Mechanical and Thermal
The balloon payload is divided into two main sections. One is the pressure housing which contains the spectrometer and the NIM and CAMAC electronics. The second is the battery cage which holds the lithium batteries, regulators, radiators, main power and heater circuit relays, and the consolidated instrument package (CIP) supplied by the NSBF. The pressure housing is mounted above the battery cage (see Figure 1 ) and is attached to it at six equally spaced points around its circumference.
The battery cage is thermally isolated from the pressure housing through the use of nylon washers at the six contact points.
Because the NIM and CAMAC electronics used in this payload are standard off-the-shelf laboratory modules and cards, they must be Tnese circuits are capable of producing a maximum of 322 watts of heater power. During the flight, however, they never exceeded even half that amount.
During the actual flight, the air temperature in the pressure housing never dropped below 12 C and never rose above 34 C as can be seen in Additional absorption corrections not included in this analysis are less i/nportant and would tend to soften the spectrum, increasing the spectral index, 7, by not more than 0.1 (see Table 2 ). The spectra in Figure 14 are represented by thermal spejbtra with temperatures corresponding to 80 keV for the June 10 event and 300 keV and 125 keV for the impulsive and gradual components, respectively, of the event on June 11. The gradual component of the June 10 event was too weak for meaningful analysis.
Power-law fits to each of these spectra also were carried out. The values of the parameters obtained in the spectral analysis, the o associated X , the number of free parameters, and the probability of 2 exceeding X are given in Table 2 . Although these flares were not large enough to provide a detectable flux of nuclear gamma-ray line emission, they do indicate the sensitivity of the instrument.
In summary, performance of the payload with respect to energy resolution, stability, and sensitivity was verified through a flight which included both a day to night and a night to day transition.
Because of its modular, flexible design, this payload can be expanded to provide the desired sensitivity and adapted readily for a variety of photons cm s keV which give the best acceptable fit to the observations. The solid lines represent power law spectra of the form y 211 I(E) = K E~ photons cm" s keV which give the best acceptable fit to the data. o zx 
